Methylmercury (MeHg) is a neurotoxic contaminant and one of the main sources of exposure in humans is seafood consumption. It is thus of interest to assess precisely MeHg exposure. The objective of this study was to estimate MeHg daily intake in exposed individuals using two different approaches, a food questionnaire and toxicokinetic modeling, and compare the complementary and use of each method. For this purpose, a group of 23 fishermen from northern Quebec provided blood and hair samples and answered a standard food questionnaire focusing on seafood consumption. A published and validated toxicokinetic model was then used to reconstruct MeHg daily intakes from mercury (Hg) measurements in biological samples. These intakes were compared to those estimated using a standard food questionnaire on seafood consumption. Daily intakes of MeHg from seafood (mean/median (range)) estimated from hair concentrations with the toxicokinetic-based approach were 6.1/5.2 (0.0-19) mg/day. These intake values were on average six times lower than those estimated using a food questionnaire, that is, 49/32 (7.2-163) mg/day. No correlation was found between the toxicokinetic-based and the questionnaire estimates of MeHg daily intakes. Most of the MeHg intakes estimated with the food questionnaire (21/23) exceeded the US EPA RfD of 0.1 mg/kg bw/day, whereas only a small proportion (6/23) of modeled estimates exceeded the RfD. This study shows that human health risk estimates strongly depend on the chosen approach.
Introduction
Mercury (Hg) is a chemical contaminant affecting the nervous system when present under the methylated form (Aschner and Syversen, 2005) . Its toxicity is of particular concern given its ability to cross the placental barrier and induce damages to the fetus and children at early stages of the development (Folven et al., 2009) . It is thus of interest to document the intake of MeHg in the population using reliable tools. Because methylmercury (MeHg) intake in nonoccupationally exposed individuals occurs essentially through seafood consumption (WHO, 1990; Barceloux, 1999; Cabanero et al., 2005; Trasande et al., 2005; NavarroAlarcon and Cabrera-Vique, 2008) , assessment of dietary intake of MeHg is most frequently based on answers to food questionnaires (Iwasaki et al., 2003; Bjornberg et al., 2005; Satia et al., 2006) . Food questionnaires are easy to use, low cost and effective to classify population intakes into quartiles or quintiles for short-and long-term assessment. However, some authors question their use and prefer, when available, the use of other methods such as the measurement of biomarkers of exposure (Sunde et al., 2008) .
A few years ago, Carrier et al. (2001a, b) proposed the use of a toxicokinetic model to estimate MeHg body burden in humans and reconstruct past exposures from hair and blood measurements. The model allows to quantitatively relate Hg species in biological matrices (blood, hair and urine) to the absorbed dose and tissue burdens at any point in time. The model is based on a multicompartment approach; each compartment represents organic or inorganic Hg burden in an organ or a group of organs or an excreta. It is represented by a set of coupled differential equations taking into account interorgan rates of exchange and excretion together with biotransformation process. The free parameters of the model were determined by Carrier et al. (2001a, b) from statistical best fits to published experimental data.
The objectives of this study were thus to (1) assess MeHg intakes in a group of individuals using two methods; that is, a toxicokinetic modeling approach based on biomarker measurements and food questionnaires and (2) compare the results of each approach.
Methods
A published and validated mathematical model was used to relate biological concentrations of Hg to daily intakes of MeHg in an exposed group of the population. The toxicokinetic-based intake estimates of MeHg from seafood were then compared to food questionnaire estimates adapted from standard validated questionnaires.
Studied Population
During summer, a group of 23 volunteers (4 women and 19 men) was recruited among workers of a Hydro-Que´bec electric plant located in the James Bay territory in Canada. Participants were recruited on a voluntary basis using a recruitment letter distributed to all the employees of this plant (nE200), regardless of the educational level and job position. They were non-native populations but were living and working in northern Quebec, and all practiced sport fishing at least once a month for fish consumption. At the time of recruitment, only volunteers with hair of at least 2 cm long and with no diagnosed health problem, such as a metabolic dysfunction or renal disease, were considered eligible. The mean age (±SD) of the group was 43±7.7 years, with a range of 24-56 years. The mean height was 1.7 ± 0.08 m and the mean weight 79 ± 13 kg.
Biological Sampling of Volunteers
Both a hair strand and a blood sample were collected from each volunteer. Hair samples were used to reconstruct past exposure over the months preceding the collection because each centimeter of hair strand corresponds more or less to a period of 1 month (WHO, 1990; Harkey, 1993) . Conversely, whole blood was used as a common biological matrix to assess Hg exposure, although it is known to be more influenced by recent seafood consumption (Sherlock et al., 1984) .
The hair strand was collected at the end of July, which corresponds to the mid-season fishing period, and was cut in the occipital area of the scalp close to the root. Hair was then stapled on a paper with an indication of the location of the root. Hair samples were then put in sealed plastic bags and kept at room temperature until analysis. At the time of hair collection, 22 of the 23 volunteers also provided a blood sample for the measurement of total Hg in whole blood. Blood samples were collected from the forearm by a nurse into 5 ml vacutainer tubes and then kept at 41C until analysis.
Measurements of Total Hg in Biological Samples of Volunteers
Laboratory measurements of total Hg in biological samples were conducted at the Human Toxicology Laboratory (Laboratoire de toxicologie humaine) of the National Institute of Public Health of Quebec (Institut national de santeṕ ublique du Que´bec), which is accredited ISO 17025 by the Standards Council of Canada. This laboratory also participates in an interlaboratory control program to assure international compliance with other laboratories.
Total Hg concentrations were determined in hair and whole blood as described by Dewailly et al. (2001) and Muckle et al. (2001a, b) . Briefly, hair samples were divided in 1 cm sections to reconstruct past exposure; that is, average exposure during successive months preceding hair sampling (1 cm of hairE1-month period (WHO, 1990)). Both matrices were then digested with nitric acid and mercury was reduced by adding anhydrous stannous chloride (SnCl 2 ) and cadmium chloride (CdCl 2 ). Hg was volatilized and detected by cold vapor atomic absorption spectrometry (Model 120; Pharmacia, Piscataway, NJ, USA). The LOD for hair Hg analysis was 1 nmol/g and that of blood Hg 1 nmol/l.
Collection of Questionnaire Data
On the day of hair sampling, a questionnaire was administered to each volunteer by an interviewer during a structured visit with the participant to document seafood consumption and personal factors. The questionnaire was based on validated food questionnaires following published guidelines (Willett, 1990; Cade et al., 2002) . It included the same types of questions and frequency rating scales as those commonly used in other questionnaires (Block et al., 1986; Mannisto et al., 1996; Rohrmann and Becker, 2002) and was pretested among students and professors of the Universite´de Montre´al and employees of Hydro-Que´bec before being administered to the volunteers. It focused on seafood consumption, categorized into sport fish, commercial fish and shellfish. For each of the 22 seafood items presented in a list and reported in Table 1 , volunteers had to indicate to the interviewer the ingested amounts (grams per meal if possible or otherwise size of portion (small, medium or large portion)) and the frequency of consumption (consumption rate with a six-degree scale: twice per day, once per day, twice per week, once per week, once to twice per month, never). Sample size of each food item was determined by a trained interviewer on the basis of the gestural description provided by the participant. They also had the possibility to add any rarer item consumed and not listed in the questionnaire. Information concerning fishing habits was also reported by volunteers with open questions: fishing frequency, fished species, consumption or not of fish catches and location of fishing according to a provided map of the area (Hydro-Que´bec, 2001 ). This map served to distinguish fish origins (reservoirs or natural lakes) and then attribute the corresponding Hg concentrations for the estimation of MeHg intake from recreational fishing. Personal factors such as gender, age, weight and height were also documented by questionnaire.
Collection of Data on MeHg Contents in Seafood
Total Hg concentrations in seafood considered in this study (Table 1) were those measured by Hydro-Que´bec (HydroQue´bec, 2001; Schetagne et al., 2002) or reported for the Canadian market (Dabeka et al., 2004) . The corresponding MeHg concentrations were calculated considering that 90% of total mercury in fish is found in the methylated form (WHO, 1990; Cabanero et al., 2007; Xue et al., 2007; Mieiro et al., 2009) 
To substitute missing data (9 out of 27 values), default values were derived from mean concentration values measured in similar fish and shellfish species and reported by Schetagne et al. (2002) , CHUL-CHUQ (2003) and Dabeka et al. (2004) as follows: 0.25 mg/g Hg in non-predatory fish, 0.50 mg/g Hg in predatory fish and 0.02 mg/g Hg in shellfish.
MeHg Daily Intakes Estimated Using the Questionnaire
Using the food questionnaire data gathered in this study and published concentrations of Hg in seafood, we estimated daily intakes of MeHg in the studied group of fishermen. The questionnaire-derived MeHg intake estimates were based on reported seafood consumption, because seafood has been documented to be the main source of MeHg exposure in the general population (WHO, 1990; Dabeka et al., 2003) . Average daily intakes of each seafood item (Q i ) (in the sport fish, commercial fish and shellfish categories) were estimated from the portion of fish consumed per meal (g) and their frequency of consumption, as reported by the participant. MeHg daily intakes (mg/day) were then estimated from the average daily intakes (g/day) of each seafood item (Q i ) and MeHg concentrations (mg/g) ([MeHg] i ) in seafood based on published data (see Table 1 ). This is represented by Eq. (2):
where i represents each seafood consumed during the month before sampling. Finally, MeHg daily intakes (mg/day) were divided by individual body weights to obtain intake estimates per kg body weight (mg/kg bw/day).
Assessment of MeHg Daily Intakes Using a Toxicokinetic Modeling Approach
A toxicokinetic modeling approach is proposed to estimate MeHg daily intakes from biological measurements. More precisely, daily intakes of MeHg were estimated from hair concentrations using the toxicokinetic model of Carrier et al. (2001a, b) . On the basis of total Hg concentrations in hair of the past months, the model defines, after successive iterations, the best fit to the biological data and then estimates the corresponding daily intakes of MeHg as presented by Gosselin et al. (2006) . For model simulations, initial conditions were set to assume that volunteers were repeatedly exposed to MeHg at least during the 3 months preceding biological measurements, a period that corresponds to a seasonal consumption of sport fish. The accuracy of the toxicokinetic reconstruction of MeHg intakes from hair measurements was verified by comparing corresponding blood concentrations of Hg predicted with the model to those directly measured in blood samples. All toxicokinetic simulations were performed using MathCad Professional 2000 (MathSoft Inc., Cambridge, MA, USA).
Comparison of the Modeled Intakes with Questionnaire Predicted Intakes
The daily intakes of MeHg from seafood derived with the toxicokinetic modeling approach were then compared to the questionnaire-based estimates. Because the distribution of these variables was left-skewed, parametric Pearson correlations were performed on ln-transformed data. The statistical software SPSS 16.0 was used for this purpose (SPSS Software, Chicago, IL, USA). Calculated MeHg concentration in seafood considering that 90% of total mercury in fish is in the methylated form (Cabanero et al., 2007; Xue et al., 2007) . MeHg concentration in mg/g ¼ 0.9 Â total Hg concentration in mg/g Â molecular weight MeHg (215.62)/molecular weight Hg (200.59).
b Mean value taken from the ''Guide de consommation des poissons pour les plans d'eau des re´gions du complexe La Grande, de la Grande rivie`re de la Baleine et de la Petite rivie`re de la Baleine'' (Hydro-Que´bec, 2001 ) and ''Suivi environnemental du complexe La Grande'', Hydro-Que´bec technical report (Schetagne et al., 2002) . c Default values of 0.02, 0.25 and 0.50 were used when information concerning Hg concentrations (predator and non-predator fish) was lacking. Descriptive statistics are presented as arithmetic mean, median and range to facilitate comparison with published data expressed as such. However, distribution of daily intakes and seafood consumption along with Hg concentrations in hair and blood was left-skewed whereas age and weight were symmetrically distributed. Table 2 presents concentrations of total Hg measured in biological matrices; that is, whole blood and successive hair segments. All samples showed concentrations above the LOD. MeHg concentrations in hair reported in Table 2 correspond to 3 or 4 cm closest to the root and represent the average exposure levels of the last 3-4 months before sampling. Median concentration measured for Hg in whole blood was 7.1 mg/l whereas median Hg concentrations in hair segments varied between 0.80 and 1.1 mg/g (see Table 2 for comparison of means). The hair-to-blood concentration ratio of Hg (mean/median) was calculated to be 266/225.
Results

Analysis of Biological Samples
Analysis of Food Questionnaire
A synthesis of seafood daily consumption rates estimated by questionnaire for all volunteers is also presented in Table 2 .
Total daily consumption of seafood (mean/median) amounted to 136/118 g. Sport fish, commercial fish and shellfish contributed equally to total seafood consumption (representing on average 35%, 30% and 35% of total seafood consumption, respectively).
Estimation of MeHg Daily Intakes Using Toxicokinetic Modeling
The time course of MeHg daily intake was estimated for each volunteer from their successive hair measurements during the months preceding sampling using the toxicokinetic model of Carrier et al. (2001a, b) . Figure 1a and b shows examples of model simulations of the time courses of total mercury concentrations in hair and reconstructed time courses of MeHg daily intakes. To verify the accuracy of MeHg model predictions of observed biological data, we compared the Hg concentrations measured in whole blood with the blood concentrations simulated with the toxicokinetic model ( Figure 2 ). These two variables were found to be significantly correlated (r ¼ 0.896, Po0.05). Table 3 presents results of the estimation of MeHg intakes from seafood, based on both the food questionnaire and the These values were calculated for n ¼ 22 because one of the volunteer did not provide any blood sample. e The ratio was calculated using hair concentration of Hg in the centimeter of hair closest to the root, which corresponds roughly to the month before blood sampling (July). toxicokinetic modeling. The mean/median estimates derived from the seafood consumption rates estimated by questionnaire during the month before biological sampling (Table 2) along with Hg concentration measured in seafood (Table 1) were 49/32 mg/day, that is, 0.65/0.43 mg/kg bw/day. Corresponding mean/median values with the modeling approach were 6.1/5.2 mg/day, that is, 0.08/0.07 mg/kg bw/day. According to questionnaire data, MeHg intake was found to originate mainly from sport fish consumption (mean of 42 mg/day). For all the volunteers except one, the food questionnaire predicted MeHg intakes from seafood during the month preceding biological sampling higher than the toxicokinetic modeling estimates. On average, questionnaire-based values were higher by a sixfold factor. In particular, contrary to the food questionnaire, the toxicokinetic modeling estimated MeHg intakes equal to zero for four of the volunteers during the most recent month before sampling. 
Comparison of the Modeled Intakes with QuestionnaireBased Intakes
Discussion
This study shows the use of a toxicokinetic-based approach as compared to food questionnaire data to estimate MeHg intake from seafood. Food questionnaires are largely used in nutritional and epidemiological studies. Their use is simple, rapid and low cost. They aim at assessing total food consumption rates in epidemiological studies, but their performance has been found to be limited when assessing specific compounds (Natarajan et al., 2006) . They have been reported to be associated with systematic errors, misclassification and different types of biases (Natarajan et al., 2006; Neuhouser et al., 2008) . For example, it was shown that responses to food questionnaires are highly associated with social desirability and approval bias (Miller et al., 2008) . Recall bias or reporting bias is also common in studies focusing on eating habits over long periods of time, hence several weeks or months (Kutting et al., 2008) . Because the use of food questionnaires for estimating individual intakes is not considered appropriate (Magkos et al., 2006; Osowski et al., 2007) , several authors reported that, when available, the use of objective tools such as a biomarker-based approach is preferred for the characterization of food, nutrient and contaminant intake, and provides a more reliable individual exposure assessment (Natarajan et al., 2006; Miller et al., 2008) .
Such biomonitoring tool was used in our study in conjunction with modeling to estimate MeHg daily intakes at the individual level. To ensure reliability of the assessment, we performed biomarker measurements with analytical methods meeting quality control standards. Then, the time courses of MeHg daily intakes were reconstructed from biomarker data using a validated toxicokinetic model (Carrier et al., 2001a ). This published model was developed with a pool of human kinetic data collected under control exposure conditions and validated with another pool of data to ensure robustness. In the modeling process, it was verified that when reconstructing MeHg intakes from hair concentrations of Hg, corresponding Hg concentrations in blood obtained with the model complied with measured concentrations (r ¼ 0.896, Po0.05, which shows the precision of the estimates). The toxicokinetic modeling also has the advantage of allowing to reconstruct a posteriori the time courses of MeHg intake over several months rather than providing a cross-sectional estimate of a population exposure; the only limiting factor is the hair length of the subjects.
From our analysis, the intake estimates from food questionnaire quasi-systematically exceeded the intake estimates from toxicokinetic modeling. This raises the question of possible biases leading to overestimation of seafood consumption, especially for the reported frequencies and amounts. Similar to our findings, Gosselin et al. (2006) reported an average overestimation of MeHg intakes by questionnaires of 6.7-fold when compared to MeHg exposure in an Inuvik women cohort, reconstructed from hair measurements using the same toxicokinetic model as the one used in this study. In this group of 60 indigenous women, mean MeHg daily intake estimated by food questionnaire (different from our questionnaire) was 0.20 mg/kg bw/day, whereas the mean MeHg intakes reconstructed with toxicokinetic modeling ranged between 0.03 and 0.04 mg/kg bw/day, depending on the pregnancy trimester. More recently, Sirot et al. (2008) also estimated weekly MeHg intakes in a population of 385 frequent seafood consumers in France on the basis of a food frequency questionnaire (documenting consumption rate) and contamination data. They then compared these estimates with those reconstructed from blood concentrations of MeHg using the JECFA/EPA (Joint Expert Committee on Food Additives/US Environmental Protection Agency) one-compartment toxicokinetic model. Similar to our findings, the mean individual ratio of these two estimates was 4.3 (minimum 0.2; 95th percentile 14), which led the authors to conclude that the calculated dose estimates were overestimated using their food questionnaire approach. Daily intakes estimated by food questionnaire (different from our questionnaire) were reported by Sirot et al. (2008) to range between 1.33 and 1.61 mg/kg bw/ week (equivalent to 0.19 and 0.23 mg/kg bw/day) whereas the mean MeHg intakes reconstructed with the toxicokinetic model ranged between 0.39 and 0.65 mg/kg bw/week (hence 0.056 and 0.093 mg/kg bw/day).
In our study, this trend is reflected by inconsistencies between MeHg levels in biological matrices and seafood consumption rates (g/day) estimated by questionnaire. For instance, for 3 of the 23 volunteers, considering seafood concentrations reported in Table 1 and seafood consumption documented by questionnaire, MeHg daily intakes were calculated to be 4100 mg/day, whereas Hg hair concentrations were low (o1.5 mg/g) and MeHg daily intake reconstructed with the toxicokinetic model approached zero to agree with the hair time profiles.
As documented in other studies, this overestimation may stem from the fact that people generally tend to underreport their life habits or activities that are known to have a negative health effect (e.g., alcohol, tobacco) and to overreport those known to be ''healthy'' or to have a positive effect (e.g., consumption of fish, fruits, vegetables) (Mannisto et al., 1996; O'Brien et al., 2000; Kutting et al., 2008) . It is also possible that sport fishers overestimated the number and size of their catches by pride. Discrepancies between modeled intakes and questionnaire-based daily intakes could also be explained by the fact that, in the latter case, intakes are calculated on the basis of reported concentrations of Hg in different food items (Table 1) and not directly measured in the consumed seafood. Other studies provided Hg concentrations in seafood (Sanzo et al., 2001; Mahaffey, 2004; Mahaffey et al., 2004; Sirot et al., 2008) and these are in the same range as the ones used to estimate daily intakes in this study (Table 1) ; however, in the case of missing values for certain seafood items, an upper-bound level of previously reported Hg concentrations was used in our study, which although more conservative may have influenced the central tendency of questionnaire-based daily intakes. This is reflected by the low concordance (low Pearson's correlation coefficient) between daily intakes of MeHg from seafood estimated by questionnaire and those reconstructed from biomarker levels using a modeling approach. Recently, in a study on acrylamide exposure, Kutting et al. (2008) found a weak association (R 2 ¼ 0.08) between self-reported intake of acrylamide-contaminated food by questionnaire and measured levels of hemoglobin-adduct biomarkers in a population of 818 non-smokers. The authors suggested that these results are partly explained by biased responses that understate the consumption of unhealthy fried food. In our study, reported mean/median amounts of seafood consumed daily was 136/118 g/day, which is far from the mean fish consumption rate of the Canadian population of 20 g/day, as assessed by the Canadian total diet study .
Conversely, measured concentrations of total Hg in hair and blood of the volunteers under study (Table 2 ) are in agreement with the median values of 0.87 mg Hg/g hair and 3.0 mg Hg/l blood reported in the literature for frequent sport fish consumers of the Montreal area (n ¼ 132) (Kosatsky et al., 2000) . Measured biological values also compare well with data provided by Belanger et al. (2008) in the same geographical area (hair mercury of 1.4-2.8 mg/g, blood mercury of 21.9-35.6 nmol/l, that is 4.39-7.14 mg/l). They are further similar to those reported by Johnsson et al. (2005) (median of 2.4 mg/g in hair and 8.6 mg/l in blood) in a Swedish group of frequent fish consumers. However, in other seafood-eating populations, slightly higher Hg levels were reported: 4.5 mg/g in hair and 59.1 nmol/l (11.8 mg/l) in blood of Inuit women (Muckle et al., 2001a ) and 1.73 mg/g in hair of Japanese women (Iwasaki et al., 2003) . With regard to the hair-to-blood concentration ratio of Hg, our results are in line with reported average ratio of 250 (WHO, 1990; US EPA, 2001 ) and reported range of values of 190-367 (Stern, 1997) .
Total Hg hair concentrations for all the volunteers were also below the Health Canada guideline of 6 mg/g (Health Canada, 1998). The highest MeHg daily intakes estimated with the toxicokinetic model in the months before sampling (mean/median value (range) of 0.08/0.07 (0.0-0.26) mg/kg bw/day) also remained below the US EPA guideline of 0.1 mg/kg bw/day (US EPA, 2001) for 17 of the 23 volunteers and below Health Canada guideline of 0.2 mg/kg bw/day (Health Canada, 1998) for 21 of the 23 volunteers. However, MeHg intakes estimated by food questionnaire (mean/median value (range) of 0.65/0.43 (0.09-2.8) mg/kg bw/day) exceeded the US EPA guideline for 22 of the 23 volunteers and Health Canada guideline for 21 of them. This shows that the method used to assess daily intakes has an important impact of the human health risk estimates.
To further verify the potential use of the proposed approach, it should be applied to a larger cohort; this study was based on a small number of volunteers, which affects statistical power for group comparison. However, the proposed modeling approach has the merit of allowing the assessment of exposure at the individual level rather than at the population level. Biological results were obtained for a specific time period and location; the study should thus be pursued over an extended period of time and to other population groups. To reduce uncertainties, future studies should also include measurements of Hg in seafood consumed by the participants.
Conclusion
Overall, this study shows the use of biological monitoring in combination with toxicokinetic modeling to estimate MeHg daily intakes from seafood. Divergent results were obtained between the questionnaire-based intakes and modeled intakes; an overestimation of reported amounts and frequencies of seafood consumed is possible. However, with the modeling approach, which allows dose reconstructions from biological concentrations, MeHg intakes in the volunteers under study were in most cases below the guidelines of the US EPA and of Health Canada. This study shows that the approach used to estimate daily intakes of MeHg has an important impact on the conclusions drawn from a health risk perspective.
